ABSTRACT A mathematical model developed previously has been used to study some 
biological monitoring of exposure to trichloroethylene (TRI), this remains a very controversial subject. Several authors have proposed the analysis of the urinary excretion of trichloroacetic acid (TCA) (Frant and Westendorp, 1950; Ahlmark and Forssman, 1951; Elkins, 1954; Grandjean et al., 1955) , while others have recommended that of trichloroethanol (TCE) (Lowry et al., 1974) , or the sum of these two metabolites (TTC) (Nomiyama, 1971; Ogata et al., 1971; Ikeda et al., 1972) . Recently, the analysis of these two compounds in the blood (Muller et al., 1974; Vesterberg et al., 1975) and also that of the pulmonary elimination of TRI (Pfaffli and Backman, 1972; Stewart et al., 1974) were considered. Moreover, the biological limit values proposed for these different indicators (corresponding to an exposure at the TLV) vary considerably from author to author, and the timing of urine, blood or alveolar air sampling is still very arbitrary.
We recently developed a mathematical model which enables the absorp-*Requests for reprints to Professor Fernindez.
Received for publication 28 April 1977 Accepted for publication 25 July 1977 tion, distribution and excretion of TRI, and the kinetics of the formation and elimination of TCE and TCA to be satisfactorily described. This model is used here to study some aspects of the biological monitoring of exposure to TRI, as it enables occupational exposure to be simulated by repeating the absorption of TRI and varying the inhaled concentrations. U-nder such conditions, the influence of the different exposure factors on the relationship between degree of exposure and excretion of the biological indicators can be studied in the absence of distorting factors such as inter-and intraindividual differences, or analytical accuracy and sensitivity.
This mathematical approach to exposure to TRI enables one to estimate the theoretical biological limit values corresponding to a repeated exposure at 100 ppm (TLV), for the urinary excretion of TCE and TCA and for the pulmonary elimination ofTRI. The possibility of applying these limits to the control of occupational exposure is then studied by varying the inhaled concentration of TRI during an exposure (hourly variations) and from one exposure to another (daily variations) . Finally, on the basis of the results obtained, a tentative optimal method of biological monitoring is proposed. P. 0. Droz and J. G. Fernandez Methods The mathematical model and the values of the physiological and metabolic parameters have already been described in detail ). An alveolar ventilation of 7 1/min is used in all the simulations and is determined by using the average energy expenditure of a sedentary person (Scherrer, 1967) . Cardiac output, calculated from the alveolar ventilation with a perfusion-ventilation ratio of 1-25, is 8-75 I/min. The excess of cardiac output, in comparison with the resting state, is considered tc perfuse the tissue group MG (muscles and skin).
In order to obtain the urinary concentrations of the two metabolites TCE and TCA, it is supposed that 1 ml of urine is formed per minute. Furthermore, it is considered that the bladder is emptied at 7 am, 12 am, 5 pm and 10 pm, and that exposure generally takes place between 8 am-12 am and 1 pm-5 pm.
A constant exposure of eight hours per day, five days per week, repeated week after week, results in a state of equilibrium, so that the concentrations of TRI, TCE and TCA in the body are the same at the beginning of each week. The initial conditions of this steady-state week have been determined by successive approximations (it is considered that the retention is constant throughout the whole exposure period) and used in the mathematical model tc simulate four weeks of exposure in order to reach the exact steady-state. Tables 1 and 2 show the different simulations carried out. In the former, model 1 corresponds tc the steady-state week, while models 2 and 3 each represent one week of isolated exposure. Models 4 to 10, of which the initial conditions are identical to those of model 1, simulate situations where the exposure concentration varies from day to day (daily variations). In Table 2 The alveolar air concentrations of TRI correspon ding to a repeated exposure at 100 ppm (TLV) can be obtained using model 1. These concentrations are shown in Table 3 Preceding exposure 100 0 0 100 100 100 100 100 100 100 Monday 100 100 200 200 100 100 100 100 100 100 Tuesday 100 100 100 100 200 100 100 100 200 300 Wednesday 100 100 100 100 100 200 100 100 100 100 r Thursday 100 100 100 100 100 100 200 100 200 300 Friday 100 100 100 100 100 100 100 200 100 100
Concentration of the preceding weeks' exposures. Friday. The control of exposure to TRI by alveolar air analysis does not, therefore, depend only on the post-exposure time of analysis but also on the day considered. Figure 1 shows the urinary concentrations of TCE, TCA and TTC during the course of a steady-state week of exposure at 100 ppm (model 1). The concentration of TCA in the urine increases only slightly during the course of the week and only very little during each day. The timing of urine sampling does not, therefore, appear to be an important factor in the interpretation of biological monitoring by TCA. With regard to TCE and TTC, it can be seen that the urinary excretion increases considerably at the beginning of the week, and then becomes stable during the second half. In addition, the concentrations vary considerably throughout the day: they are lower at 12 am than at 7 am (except on Monday), considerably higher at 5 pm, and maximal at 10 pm. The timing of urine sampling is, therefore, a determinant factor in the biological evaluation of the degree of exposure by the analysis of TCE or TTC. (Table 3 ) and the limit value for urinary concentrations of TCE, TCA and TTC ( Figure  1 ) obtained using the mathematical model are similar to those proposed from epidemiological studies (Lauwerys, 1975) , or controlled exposure studies (Stewart et al., 1974) . It must also be noted that the relationships established here between the degree of exposure and the excretion of TRI or of its metabolites are valid for the exposure only of sedentary workers. Increased amounts of physical activity will increase the quantity of TRI absorbed and consequently the amount of TRI and metabolites excreted. In such a case the increase in the urinary concentrations of the metabolites can be estimated using the mathematical relationships developed previously (Stewart et al., 1974) . The evaluation of the degree of exposure can thus be based on the analysis of an alveolar sample taken at least six hours after the end of exposure. Figure 3 shows the results of models 1 and 11 to 14, with regard to the influence of hourly variations Figure 4 gives the results of the influence of fluctuations in the inspired concentration (models 1 and 4 to 10) on the urinary excretion of TCE. An increase in the exposure concentration results in an almost identical increase in the urinary concentration, whatever urine sample is considered. However, it should be noted that the influence of a variation in the exposure concentration continues for several days. Under these conditions it is very difficult to interpret the results of a urine analysis of TCE. In fact, the concentration obtained reflects several days of exposure, each having an influence depending on the time lag between that exposure and sampling.
The results obtained for the urinary elimination of TCA are given in Figure 5 (models 1 and 4 to 10). The influence of variations in the inspired concentration on the urinary excretion of TCA is totally different from that on the urinary excretion of TCE. This is due to the fact that TCA is eliminated very slowly from the body and is derived not only from TRI, but also from TCE analyses of TRI in alveolar air, one before and the other after the exposure, theoretically enable the degree of exposure to be determined whatever day is considered and whatever the daily variations in the exposure concentration. Figures 7 and 8 give the same relationship as in Figure 6 for the urinary concentrations of TCE. In the former, the concentration of TCE in the urine on the moming after the exposure (7 am) is given as a function of that in the urine on the morning before the exposure. In Figure 8 , instead of the urine of the following moming, the urine collected throughout the whole work shift is considered. Again, the sampling time is based on the hourly variations in exposure concentration. As with alveolar air concentrations of TRI, there appears to be a good correlation between the degree of exposure and the urinary excretion measured before and during or after exposure. With the same urine samples as for TCE, identical relationships are given in Figures 9 and 10 for TCA. For this metabolite, the scatter of the theoretical points is greater than for TCE. This is probably attributable to the fact that TCA is formed from two products, TRI and TCE, which have different kinetics in the body. The four different straight lines (Figure 10 ) are only very slightly separated compared to those obtained for TRI and TCE, implying that this biological indicator is not very sensitive to variations in the exposure concentration on the day in question.
This tentative method of biological monitoring therefore enables an unequivocal relationship to be set up between the TWA and the biological analyses of TRI and TCE. TCA is not included as it is not Fig. 7 Relationship between the exposure concentrations and the urinary concentrations of TCE (CTCE) the morning before (7 am) and after the exposure. * results ofmodels 1 to 10. The equations of the regression lines are given in ( Figure 3 ). However, it has been shown that the CTCA BEFORE THE WORK SHIFT (7 am) urinary excretion of this metabolite is of limited interest for the biological monitoring of exposure. The mathematical model used sn thlis study has the morning before the exposure and those in the urine enabled theoretical biological exposure limits to be taken throughout the whole work shift. * results ofmodels established for the urinary elimination of the I to 10. The equations ofthe regression lines are given in metabolites (TCE, TCA and TTC) (Figure 1) and Table5. the pulmonary elimination of TRI (Table 3) . However, examination of the influence of daily variations in the exposure concentration has shown that these biological limits must be applied only with caution. In fact, they can be used only when it is known from experience that the exposure concentrations do not vary from one day to the next. In practice, this could occur when the production is unchanged for several days, when TRI is used with automatic machines and when the workers involved do not change their work habits.
In all situations in which the exposure concentration varies considerably from one day to the next, the biological monitoring of exposure should be carried out according to the method proposed using two biological analyses (Figures 6-8) . Theoretically the analysis of TCE is better than that of TRI with regard to sensitivity, but other technical factors such as timing, analysis and individual differences must also be taken into consideration in the final choice of the biological indicator. Moreover, some relationships similar to those developed here could be established for the blood concentrations of the metabolites. Blood analyses could thus in practice be preferable to those of urine, because of the smaller individual variations generally observed with the former.
Although the excretion of TCA is not directly and simply connected with the degree of exposure, it can be used for the qualitative evaluation of the preceding days' exposure. In fact, if the urinary concentration of TCA is lower than that corresponding to the exposure concentration estimated from TRI or TCE, it can be concluded that the average exposure of the preceding days was lower than that of the day in question. If the concentration of TCA is higher, then the previous exposure concentrations were higher, whereas if the two controls correspond, the exposure has been constant from one day to the next.
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